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Introduction
Focusing particles or cells one by one to pass a detection region is often required for some biological processes [1] , such as cell analysis with a flow cytometer [2] , fluorescence detecting or sorting cells or particles [3] . For a conventional flow cytometer, two sheath streams, generated by mechanical pumps and flowing from the two sides of the sample stream, are generally used to focus the sample solution. For a portable microfluidic lab-on-chip device, however, new focusing techniques, other than using the bulky pumps and valves, have to be developed in order to minimize the device size.
Several methods have been proposed for particle focusing in microfluidic channels and can be generally categorized into sheath flow method and sheathless focusing approach. Sheath flow focusing, which employs one or two sheath fluids (boundary fluids) to squeeze the sample solution and thus focus the particles suspended in the sample solution, is the most popular focusing method for microfluidic devices. For this method, both 2D (two dimensions) and 3D (three dimensions) particle focusing can be achieved depending upon the number of sheath fluid. The width of the focused stream is mainly determined by the flow-rate ratio between the sheath and the sample streams [4] . Generally, in a microfluidic chip, the motion of the sheath fluid can be generated by either a pressure gradient or an electrical field. For the former type, it normally requires external pumps (e.g., syringe pumps), tubing and valves which are bulk in size and difficult to be integrated into the microfluidic device. As regards to the electrical-driven sheath flow (i.e., electroosmotic flow), a constant flow rate can be generated by applying a DC (Direct Current) potential difference across a channel [5] [6] [7] [8] [9] [10] .
The main advantage of using electroosmotic flow for particle focusing is no mechanical parts.
However, a strong electric field is normally required which may destroy the cell membrane.
The details about the related studies can be found in some review papers [1, [11] [12] [13] .
To overcome the shortcomings of sheath flow focusing, especially the involvement of bulky external pumps, sheathless flow focusing methods are put forward. These methods work by manipulating the trajectories of particles by applying electrical, or acoustic, or magnetic [14] , or optical [15] force. One typical electrical particle focusing technology is dielectrophoresis 4 (DEP) which utilizes the interaction of the non-uniform electrical field and the particles [16] .
The DEP force can be generated by both AC [17] [18] [19] [20] [21] [22] [23] [24] (Alternative Current) and DC electrical fields [25] . Different focusing effects, such as 3D [26, 27] ,'electrodeless' [28] and nanoparitcle focusing [29] have also been reported. The review on this technique can be found in the reference papers [30, 31] . However, there are several disadvantages for this type of methods. For electrode-based AC dielectrophoresis, electrodes fabrication in microchannel generally requires complicated procedures and expensive equipment. For insulator based DC-DEP, high voltages, normally several hundred volts, have to be applied in order to generate sufficiently strong electrical fields. The strong electrical field can easily damage the biological sample, such as killing or lysing the cells.
Acoustophoretic based particle focusing, achieved by an acoustic-wave-induced radiation pressure on particle, has recently attracted large interest [3, [32] [33] [34] [35] [36] [37] due to its relative simple operation. However, there are some integration challenges for this method. First, the transducers need to be placed closely on the sides of the focusing channel, which affects the integration with other functional components in a flow cytometer [38] . Furthermore, it normally requires a radio frequency (RF) signal generator and a power amplifier which are of bulky size. Inertial focusing, utilizing the inertia of the fluid to control particle's position, is another sheathless focusing method [39] [40] [41] [42] [43] . This method relies on a relative high flow rate in order to generate decent inertia motion and thus is suitable for high-speed applications.
However, it is generally difficult to generate a high-speed flow in a microchannel. Moreover, the equilibrium positions of the focused particle streams are sensitive to the particle's Reynolds number [38] .
As discussed above, while the sheath flow focusing is very efficient with little side effects, bulky off-chip devices are normally involved. The sheathless focusing method is more advantageous in integration with the microfluidic chip. However, how to make a balance between enlarging the manipulating force and minimizing the side effects at the same time is still challenging. In this paper, a novel sheathless particle focusing method by induced charge electrokinetic flow in a microchannel is presented. By placing two metal plates in a 5 microchannel, one on one side wall, another on the opposite side wall, and applying an electrical field along the channel, the sample solution will be electrokinetically transported to downstream and squeezed by vortices generated over the metal plates. In this way, particle focusing is achieved without using sheath flow or any off-chip devices. While mixing enhancement with micro-votices generated by a time-dependent electrical field has been reported [44] , there is not report on particle focusing with ICEO method.
Working principle
A schematic diagram of the proposed method is shown in Figure 1 . The particle focusing system consists of a microfluidic chip with a straight channel and a DC power supply. Two metal plates are placed on two side channel walls facing each other respectively. There are an inlet well and an outlet well at the two ends of the microchannel. After adding the sample solution in the channel, a DC electrical field is applied via electrodes inserted in the two wells. The working principle of particle focusing can be explained as below:
As shown in Figure 1(a) , when an electric field is applied across the channel from the left to the right, opposite charges are induced on the surface of the two metal plates. More specifically, negative charges will be induced on the left half of the metal surface, and positive charges will be induced on the right half of the metal surface. The surface charges will in turn attract the counter-ions in the liquid to form dipolar electrical double layers (EDL) along the metal surface (Figure 1 (a) ).
Once the induced dipolar double layer is formed, the externally applied electrical field drives the ions and the liquid into motion and forms the well-known induced charge electrokinetic flow (ICEKF). The resultant electrokinetic flow will generate vortices near the metal surface due to opposite induced charges on the surface [45] . Due to the much stronger electroosmotic flow at metal surface, the two upstream vortexes act as two 'pumps' to transport the sample solution through the gap between the metal and vortex. The downstream vortices, behave like virtual 'columns' and force the solution to flow through the narrow passage between them, providing the potential for particle focusing (Figure 1 (b) ). 6 The flow velocity of the ICEKF decides the size of the vortex and thus the size of focused sample stream. Theoretically, the flow velocity ( ICEK U ) varies proportionally to the local tangential electric field E and is given by the Helmholtz-Smoluchowski equation [46] :
where ε w and μ are the dielectric constant and the viscosity of the liquid; 
Mathematical models

Electric field
Once a voltage difference ( ) is exerted across the microchannel, the applied potential field through the system is governed by Laplace's equation [47] :
and the local applied electric field strength ( E ) is given by:
The applied electric field will induce surface charges on the metal plates. The induced surface charges will in turn attract the counter-ions in the liquid to form electrical double layer. The induced zeta potential i  is given by [45] :
where S is the conducting metal surface in the applied electric field, A is the area of the entire surface of the metal plate.
The boundary conditions of the electric field are:
at the channel walls and the particle surface (5) 7 where n is the unit normal vector pointing from the boundary surface into the fluid.
Flow field
The flow field is governed by the continuity equation and the momentum equation:
where ρ is the density of the liquid, μ is the viscosity of the liquid, U is the velocity vector, p  is the pressure gradient, e  is the local net charge density.
In this study, no pressure gradient across the microchannel and the fluid flow is totally electrokinetically driven. The pressures at the two ends of the microchannel are set as zero:
at inlet and outlet (9) Also, the pressure gradient is set to be zero at the channel wall, considering no flux across the wall:
at channel walls (10) Because the buffer solution is electric neutrality and the net charge density e  is non-zero only in the double layer，the body force E e  is zero except in the double layer (EDL). In addition, the thickness of the EDL is considered to be very small (nanometer) which is negligible in comparison with the size of the microchannel. Therefore, there is no need to solve the flow field in the thin EDL. Instead, we use a slip velocity boundary for the flow field in the microchannel. According to the Helmholtz-Smoluchowski equation, the slip velocity boundary conditions are:
, at the non-conducting channel wall (11a)
where w  is the zeta potential on the non-conducting channel wall, i  is the induced zeta potential on the metal plate surface as given by Eq. (4), p  is the zeta potential on the particle surface, p U is the translational velocity of the particle, p  is the rotational velocity of the particle, s x is the position vector on the particle surface, p x is the position vector of the particle center.
For Eq.(11c), the first item represents the translocation velocity; the second item represents the rotation velocity and the third is the EOF flow of the solution.
Particle motion
The translational velocity of the particle is governed by Newton's second law,
where p m is the mass of the particle and net F is the net force acting on the particle given by [48] [49] [50] :
where S is the particle surface, p  is the stress tensor denoted by:
where I is the second order unit tensor.
For a spherical particle, its rotation does not influence the focusing position and the above three equations (Eq. (12)- (14)) can be used to approximate particle motion. As regards to a non-spherical particle, the rotational component does contribute to the focusing position.
The rotational velocity of the particle is given by [50] :
where p I is the moment of inertial of the particle and net T is the total torque acting on the particle given by
The position of the particle is determined by  are, respectively, the initial location and orientation of the particle.
The initial conditions of the particle motion and the flow velocity are all set as zero, that is:
Numerical simulation
In this study, COMSOL MULTIPJHYSICS 4.3b ® was used to solve this 2D numerical model.
To avoid the grid dependence, we compared the width of the focused stream with different numbers of elements and found that the width value difference is less than 0.1% when the numbers of elements is between 8,000 and 9,500. Therefore, 9,000 triangular elements were used in all simulations. Table 1 gives the parameter values used in the simulation.
Experimental validation
Experimental set up (1) Microchannel ant its fabrication
The microchannel, as shown in Figure 1(a) , was fabricated by bonding a PDMS (polydimethylsiloxane) layer with a glass substrate using the soft lithography method [51] .
The width, height and length of the channel are 100 μm, 50 μm and 1 cm respectively.
Considering the symmetry, only one metal plate was employed in the experimental studies to was applied across the channel in order to transport the particles. To measure particle trajectories under non-zero electrical fields, the liquid levels in the inlet and outlet wells were carefully balanced by adding a certain amount of pure water in the wells with a digital micro-pipette. Then Pt electrodes were inserted in the wells and an electrical field was applied across the channel. In the meantime, the particle motion was recorded by the CCD (Charge Coupled Device) camera (DS-Qi1Mc, Nikon) of an inverted optical microscope imaging system (Ti-E, Nikon). The camera was operated in a video mode at a frame rate of 11.4 frames per second. The reading error in determining the cell position is about ±2 pixels which correspond to actual dimension of ±5.4 μm.
To minimize the influence of static hydraulic pressure on particle movement, relatively larger wells were used to minimize the back pressure driven flow generated by the electroosmotic flow. Also, only the particles moving close to the channel wall before the metal plate were followed and their trajectories were recorded in order to examine the electrical field effect on the particle trajectory. vortices cannot be seen in Figure 3(a) , it is clear that the particles firstly pass along the first half of the metal plate (under the 1 st vortex as illustrated in Figure 1(b) ). When approaching the length center of the metal plate, the particles were directed towards the channel center and away from the metal plate, resulting from the action of the 2 nd vortex. The particles move much farther away from the second half of the metal plate under larger electrical field, meaning that the particle's trajectory can be controlled by controlling the applied electrical field. As a comparison, the simulated particle trajectories are also shown in Figure 3 (b). As can be seen from Figure 3 , the experimental results agree reasonably well with the numerical simulations.
Experimental results and comparison
In the experimental studies, the metal plates were manually placed on the side wall of the microchannel under a microscope. For focusing particles with two metal plates, the focusing position will be affected by the asymmetrical vortices, if the two metal plates are not exactly aligned symmetrically on the two facing channel walls. In order to avoid such uncertainty, in the comparison shown in Figure 3 , only one metal plate was used to validate the working principle and demonstrate the focusing effect of this novel method. The focusing effects with two plates will be numerically investigated and discussed as below.
Focusing effects by numerical predictions
Convinced by the above results of controlling particle trajectories with one metal plate under different electrical fields, the width and length of the focused particle stream with two metal plates under different conditions were further investigated by numerical simulations and using the mathematical model described above. For the simulations, the composition of metal plate surface is considered to be not changed with time and no chemical reactions happen. It should be noted, however, the dielectric constant will be greatly decreased and thus decrease the strength of the vortices, if the metal can be oxidized by the solution. Generally, the size and structure of the channel are not changed in practice. Different focusing effects, especially the focused width and length, may be required for different purposes. Thus, it is greatly desired to know the focused width and length under different applied electrical fields for a channel with constant width. Figure 5 shows the dependence of the width ratio and length ratio of the focused particle stream on the applied electrical field.
As can be seen from Figure 5 (a), the focused width ratio decreases with the increase in the electrical field. This means that the particle stream becomes thin with the increase in the applied electrical field. This can be understood by the fact that increasing the applied electrical field will increase the induced zeta potential (induced surface charge), and hence the size of the vortices, which will leave a smaller gap for the particle solution to pass. In other words, the passage width for the particle stream can be easily adjusted by controlling the applied electrical field. With respect to the length of the focused particle stream, it is determined by the length of the two downstream vortices which in turn are determined both by the length of the metal plate and the applied electrical field. As is shown in Figure 5 (b), the length ratio slightly increases with the increase in the applied electrical field. As will be discussed in Section 6.2, the length of the focused stream is much influenced by that of the metal plate. With the relationship shown in Figure 4 , one can easily obtain different focusing effects by choosing different electrical fields.
Dependence of the focused width and length on metal plate length
Varying the length of the metal plate is another important approach to acquiring different focusing effect. Figure 6 shows the relationship between the width ratio and length ratio of the focused particle stream on the length of the metal plate under an electrical field of 200 13 V/cm. As seen from Figure 6 , the increase in the length of the metal plate will narrow the width of the focused particle stream, and increase linearly the length of the focused stream (with a constant length ratio). This is due to larger induced surface potentials (named as idealized surface potential) with longer metal plate under the same applied electrical field, as is clearly shown in Figure 7 . From Figure 7 , it's clear that the magnitude of the induced potentials at the ends of the metal plate become larger for a longer metal plate. The larger induced potentials will result in stronger vortices (larger in size) which will make the focused sample solution narrower and longer. Comparing with the way of varying the applied electrical field, this approach seems to be more attractive in terms of avoiding the damaging effects on cells caused by applying large electrical field.
Dependence of the focused width and length ratio on channel width
As mentioned above, the flow passage between the two downstream vortices are determined by the occupied space of the vortices in the channel. However, the vortices are constrained by the channel which will in turn influence the size of the vortices. In other words, the distance between the two metal plates can influence the focusing effects. Figure 8 shows the dependence of the focused width and length ratios on the width of the channel. It's clear that wider focused width and longer focused length were resulted for a wider channel under the same electrical field and the metal plates. The electroosmotic flow velocities at the PDMS channel walls and at the metal plates remain the same, independent of the increase in channel width. For a wider channel, however, the interaction between the two downstream vortices will be weaker due to the weaker constrain imposed by the channels. As a result, the focused width is wider and the focused length becomes longer.
Other discussions (1) Particle selectivity by size
While only particle focusing effects is presented for this method in this study, the separation of particles based on size may also be achieved and can be understood as bellow: The gap 14 between the two downstream vortices, which is the passage of the solution or particles, can be flexibly controlled by adjusting the applied electrical field, based on the established relationship between the focused width and the applied electrical field. For particles larger than the gap size, they will be prevented from passing through gap, thus achieving particle separation based on size difference. A stronger EOF2 will result in smaller vortices over the metal plates. Increasing the ion concentration (of course the conductivity) of the solution will reduce the zeta potential and the EOF from the upstream PDMS channel, and hence facilitate the formation of the vortices near the focusing region, and can improve the focusing effect.
(3) Electrical field related side effects
For this particle focusing method, the side effects caused by applying an electrical field, such as cell damage by electrical field and Joule heating, have to be considered. In our study, the highest field intensities at metal plate edges are 117, 173 and 233 V/cm under the applied electric field of 31 V/cm, 46 V/cm and 62 V/cm respectively. In comparison to most insulator based DC-dielectrophoretic platforms, the strength of the electric field is significantly small and therefore the damage to the cell caused by electrical field can be avoided. 15 The Joule heat, generated by the electrical field, is proportional to the liquid electrical conductivity (the solution's electrical concentration). According to the reference paper [52] , under an electric field of 600 V/cm, the Joule heating can be safely neglected for dilute solutions (e.g., C=10 −4 M). In our study, the highest electrical field applied across the channel is 62 V/cm and the solution is pure water generated by a Millipore pure water system. The conductivity of the pure water is about 5.5 μS/m. Therefore, the influence of Joule heat on focusing can be neglected.
Conclusion
A novel sheathless particle focusing method by induced charge electrokinetic flow (ICEK) in a microchannel was developed in this paper. Particle focusing can be achieved by placing two metal plates on opposite channel walls. Both numerical and experimental studies show that the particles firstly will be transported through the gaps between the upstream vortices and the channel walls. Afterwards, the particles will be focused to pass through the passage between the two downstream vortices. The width of the focused particle stream decreases with the increase in the applied electrical field and the metal plate length. The length of the focused stream increases with the increase in the applied electrical field and the metal plate length. In short, the size of the focused sample solution can be easily adjusted by controlling the applied electrical field and the size of the metal plate. Comparing with other focusing techniques, the method presented in this paper is simple and efficient without using sheath fluids or other off-chip devices. 
